The Japanese Hayabusa spacecraft successfully carried out in situ observations of S-class asteroid 25143 Itokawa, including the surface major elemental analysis with the X-ray fluorescence spectrometer (XRSHayabusa). Our previous results for the X-ray experiments (Okada et al., 2006a) indicated that major elemental ratios of Mg/Si and Al/Si on the surface of Itokawa resemble ordinary LL-or L-chondrites more than any other meteorite analogues. In the NEAR Shoemaker observations of S-class asteroid 433 Eros, the results of X-ray fluorescence observations indicated the depletion of sulfur, probably reflecting impact-induced volatilization, photoor ion-induced sputtering at the surface, or the loss of FeS-rich materials due to partial melting. Here, we determined the elemental abundance of sulfur (S) on the surface of Itokawa, in addition to that of Mg, Al, and Si, and its regional variation using XRS-Hayabusa observations. In particular, we carefully corrected the fluctuation of solar X-rays, variation of surface geometry, and sensor response function in this analysis, and thus we believe that the results are more accurate than those of our previous report. In this study, the upper and lower limits for Mg/Si, Al/Si, and S/Si overlap those of meteorite analogues for ordinary chondrites or primitive achondrites. In terms of the major elemental composition, Itokawa is best classified as a ordinary chondrite or a primitive achondrite. Our models do not include the mineral mixing effects. With the effects, the abundance of sulfur is expected to be 30% lower than our results. Hence, we conclude that the abundance of sulfur on the surface of Itokawa is almost equal to or even lower than the average abundance in ordinary chondrites. Although the abundances for Mg and Si are globally homogeneous, best-fit or upper limits of mass fraction for Al and S vary in local areas. There is a negative correlation (−0.92) for Al/Si vs. S/Si in ten facets. In particular, the area with the lowest sulfur, accompanied with enriched aluminum, is found in Arcoona, close to a cratered area. Therefore, aluminum enrichment and sulfur depletion features may support events of partial melting on the parent body of Itokawa or aluminum-rich material impacts on the surface of Itokawa. In some areas, Itokawa has a brighter geometric albedo and color variation. Little altered, fresh material may be exposed in these portions of the surface. The sulfur abundance on the surface appears to vary between little and highly altered areas by space weathering. Thus, the sulfur regional variation in our result may reflect the heterogeneity of a surface altered by space weathering.
Introduction
The Japanese Hayabusa spacecraft successfully carried out in situ observations of asteroid 25143 Itokawa . The X-ray fluorescence spectrometer onboard Hayabusa (XRS-Hayabusa) observed X-ray emission from the surface of Itokawa which determined the elemental composition. Itokawa is classified as an S-class, meaning a stony asteroid, and the spectral feature is similar to ordinary chondrites, especially to LL-chondrites (Binzel et al., 2001) . The primary goal of XRS-Hayabusa is to determine a relationship between S-class asteroid Itokawa and known meteorite analogues classified in laboratory measurements, including a fundamental question of whether the asteroid is a parent body of meteorites or not. Our previous result Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. (Okada et al., 2006a) has estimated that the major elemental composition ratios for Mg/Si and Al/Si on the surface of Itokawa resemble ordinary LL-or L-chondrites more than any other meteorites analogues. Also, results of Near Infrared Spectrometer onboard Hayabusa (NIRS-Hayabusa) have indicated that olivine/pyroxene composition ratios derived from about 1-µm absorption band are most similar to LL-chondrites . These results imply that the S-class asteroid Itokawa is a parent body of ordinary chondrites.
Fluorescent X-rays are excited on an asteroid surface by solar X-rays. In observing solid planetary bodies, XRSHayabusa can detect X-ray fluorescence line spectra of Mg, Al, and Si even in quiescent solar conditions, and it can also detect other elements such as S, Ca, and Fe in flared solar conditions. Since the detectable depth for the fluorescent X-rays is within the depth of 100 µm, XRS-Hayabusa can determine the major elements on the uppermost surface. Itokawa observation are simultaneously performed in all observations. The CCD#4 observes the X-rays from a standard sample excited by incident solar X-rays. CCD#0, 1, 2, and 3 observe X-rays from the surface of Itokawa excited by the same incident solar X-rays. The geometry of observation area on the surface of Itokawa varies in local areas. Therefore, we calculate the incident and emission X-ray angles for the surface with shape model of Itokawa .
Here, we focus our attention on the abundance of sulfur (S) on the surface of Itokawa. Since sulfur is highly volatile element, we can obtain a redox condition of asteroid formation points or degree of fractionation due to partial melting from the abundance of sulfur. Additionally, the abundance of sulfur on the surface of the asteroid will be modified by some processes, such as meteoritic impacts or a space weathering. Based on X-ray fluorescence observation of asteroid 433 Eros with X-ray spectrometer onboard the Near-Earth Asteroid Rendezvous (NEAR)-Shoemaker, Trombka et al. (2000) and Nittler et al. (2001) reported that the ratio for S/Si on the surface is much lower than that of ordinary chondrites. Nittler et al. (2001) suggested that the reason for low S/Si is impact-induced volatilization and/or photoor ion-induced sputtering at the surface of the asteroid, or the loss of FeS-rich material due to partial melting. Also, a sulfur volatilization process due to space weathering, such as micro-meteorite impacts or/and energetic erosion due to solar wind sputtering, has been proposed by Killen (2003) and Kracher and Sears (2005) . Their timescale estimation for sulfur depletion in the uppermost layer of 10-100 µm due to space weathering is the order of 10 6 years, so that sulfur on the surface can easily be taken away from the uppermost layer. Thus, sulfur abundance on the asteroid surface will indicate not only the physical conditions of asteroid formation points but also the history of surface modification.
In the observations of Itokawa, brightness and color variation on the surface have been found with the multiband imager AMICA-Hayabusa (e.g., Ishiguro et al., 2006; Sasaki et al., 2006) and the near-infrared spectrometer NIRS-Hayabusa . These heterogeneities might be caused by space weathering and, if so, sulfur abundance might have been affected by that process. Therefore, it is significantly important that we determine the sulfur abundance and its regional variation with XRS-Hayabusa observations and discuss the possible sulfur modification process that must have occurred on the surface of Itokawa.
XRS-Hayabusa
XRS-Hayabusa is an X-ray fluorescence spectrometer based on a charge-coupled device (CCD) that has a good energy resolution (Okada et al., 2000 (Okada et al., , 2006b relative to the past X-ray detectors of planetary missions, such as Apollo 15/16 and NEAR-Shoemaker. The effective area of XRS is 25 cm 2 (4×CCD), and effective pixels of CCD are 1024×1024, with a pixel size being 24 µm 2 . The CCD is used not for imaging but photon counting of X-rays. The asteroid detector, with an array of four CCDs (CCD#0, 1, 2, 3), observes X-ray photons from the surface of the asteroid, while another single CCD (CCD#4) observes X-rays from an onboard standard sample, which is used for a comparative analysis or indirectly monitoring the solar X-rays. Energy resolution (full width at half maximum) of CCDs is about 200 eV in the range of 0.7 to 10.0 keV. The footprint as observation area is limited with a mechanical collimator whose field of view is 3.5
• ×3.5
• . Bright visible reflection from the asteroid is shielded with a beryllium window of 5 µm thickness.
The CCD#4 (solar monitor) observes X-ray emission from the standard sample excited by solar X-rays, and the CCD#0, 1, 2, 3 (asteroid detector) simultaneously observes X-ray emission from an asteroid excited by solar X-rays, as shown schematically in Fig. 1 . Since the solar X-rays fluctuate all the time, simultaneous observations of both the standard sample and the asteroid need to be obtained. The composition of the standard sample is known (Table 1) , and thus the solar monitor can indirectly estimate spectral intensities and the profile of solar X-rays. When the solar monitor estimates the solar X-rays as the X-ray exciting source, the asteroid detector quantitatively determines the elemental composition of the asteroid because generated fluorescent X-rays are proportional to solar X-rays.
Observation of Itokawa
During September to November in 2005, XRS-Hayabusa observed the surface of Itokawa from a distance of 20 to 0 km. Unfortunately, two reaction wheels controlling the attitude of Hayabusa were broken in late July and early October, and XRS-Hayabusa could not observe for a long time continuously in the direction of Itokawa. Fortunately, some observation data were sufficient to determine the elemental composition on Itokawa when solar flares occurred. In particular, solar activity was high enough for X-ray spectrometry in the first-touchdown and away (TD#1) operation, obtaining a sample collection on 19 November 2005. During the early time of TD#1 phase, the solar flare events were observed by the solar observation satellites GOES 10 and 12 (GOES's web site), and then the solar monitor of XRS-Hayabusa also sensed solar flare events. This indicates that solar activity was relatively enhanced at Itokawa, the opposite side of the Earth from the Sun.
Hayabusa descended along the equator of Itokawa from west to east together with the rotation of Itokawa (12 hperiod rotation). Although XRS-Hayabusa observations were continuously carried out, we used the observed data obtained at a distance of 0.94 to 0.38 km, where observed surface areas of Itokawa varied between 20,386 and 6,111 m 2 . The off-normal angle of the Sun to the Standard sample was less than 10
• , and the off-normal angle of CCD#4 to the Standard sample was fixed 45
• . Also, the angle of the Sun-to-Itokawa-to-XRS-Hayabusa was less than 10
• , but the incident and emission X-ray angles were varied due to the surface geometry for the observed planes between 0
• and 90
• . Table 2 shows the observation start time, observed area, average incident, and emission angles for ten observation areas called a facet.
The CCDs were cooled with a peltier cooler, and so these temperatures were stable at −52 ± 1
• C during this period.
This temperature enables good energy resolution, but the data during landing on Itokawa are noisy due to an increase in the fluctuation of dark current accompanied by an increasing temperature of the CCDs. Therefore, we analyzed only the data obtained during the Hayabusa decent phase, including the data of our previous report (Okada et al., 2006a) . The observation data are discontinuous because the onboard computer of XRS-Hayabusa controlled the data-rate in order to reduce the data, and the observation data are spectra, integrated every 300 s. Also, there are background update time of 60 s as a dead-time per integration intervals (Yamamoto, 2002) .
X-ray Models
XRS-Hayabusa observes both fluorescent and scattered X-rays from the surface of Itokawa and the onboard standard sample, excited by incident solar X-rays. The intensity of fluorescent and scattered X-rays depends on model parameters, such as emission-measures as plasma density and size, and plasma temperature of the solar coronal region. Fluorescent X-rays are line spectra whose intensities are proportional to elemental abundance. Scattered X-rays are coherent and incoherent scatter of solar X-rays, composed of characteristic lines of plasma and continuum spectrum as thermal bremsstrahlung. In order to determine the elemental abundance, we need to quantitatively estimate the fluorescent X-rays and to separate the fluorescent X-rays and the scattered X-rays from observation spectrum. Hence, we make precise X-ray models, such as solar X-rays, fluorescent X-rays, and scattered X-rays.
Solar X-rays
The model of a solar X-ray spectrum J as function of energy is described as thermal bremsstrahlung modeled by Mewe et al. (1985) as the Mewe-Kaastra-Liedahl (MEKAL) model (see also Arnaud et al., 2005) . The variables in the model of the solar X-ray are the emissionmeasures as plasma density and size, and the temperature of the solar coronal region where the solar X-rays are emitted. Solar abundance is assumed to be in line with values from Anders and Grevesse (1989) . Two examples of MEKAL model spectra with different emission-measure and temperature are shown in Fig. 2(a) , where the spectral intensity is proportional to emission-measure and the spectral shape becomes harder for increasing temperature.
Fluorescent X-rays
The model of a fluorescent X-ray spectrum I f as a function of fluorescent X-ray energy E f i for element i (e.g., Bearden, 1967 ) is described as discrete lines which represent characteristic X-rays. These intensities are proportional to elemental abundance as mass fraction w i for element i. The fluorescent X-ray is generated when the energy of the solar X-ray is higher than the X-ray absorption edge energy E edge i for element i. The incident solar X-rays are attenuated exponentially like an electromagnetic wave in the ratio of µ i for element i as a function of energy called attenuation coefficient (e.g., Chantler et al., 2005) in the surface layer, and then the X-rays are absorbed in the ratio of τ i for element i as function of energy called absorption coefficient (e.g., Chantler et al., 2005) in the near layer. The portion of absorbed X-rays are converted to fluorescent Xrays in the ratio of ω i for element i called fluorescent yield (e.g., Krause, 1979) , which is K or L line emission yield of fluorescent X-ray. The intensities of fluorescent X-ray are written as follows (e.g., Jenkins et al., 1995; Clark and Trombka, 1997) ,
where is the field of view of XRS-Hayabusa (observation area per squares of altitude), S is effective area of XRSHayabusa (squares of 1 inch per CCD), p i is the ratio of α or β line emission for element i assuming approximately the ratio of α:β=15:2), j i is the jump ratio which is K or L shell absorption ratio for element i (Chantler et al., 2005) , t i is the ratio of shell transition probability for element i (∼1), φ 1 and φ 2 are incident solar X-rays and emission fluorescence X-ray angles, respectively (see Fig. 1 ). The range of integration energy is from edge energy (Chantler et al., 2005) to infinity. The model examples of X-ray emission from standard sample and ordinary chondrites analogues are shown in Fig. 2(b) and (c), respectively, where the green lines show the model spectra of fluorescent X-rays.
Scattered X-ray
The model of a scattered X-ray spectrum as continuum emission I s for element i is composed of coherent Rayleigh scatter and incoherent Compton scatter. Here, Compton scatter is smaller than Rayleigh scatter in the degree of order in the range of less than 10 keV, and thus Compton scatter is neglected. Rayleigh scatter of solar X-ray is written as (e.g., Thomson, 1906; Clark and Trombka, 1997) ,
where N A is the Avogadro constant of 6.02×10 23 mol −1 , r e is the classical electron radius of 2.82×10 −13 cm, θ is a back scatter angle of θ = 180
• − (φ 1 + φ 2 ), M i is atomic weight for element i (Chantler et al., 2005) , and f i is the atomic scattering factor for element i (Maslen et al., 2004) as a function of scatter angle. The model examples of X-ray emission from standard sample and ordinary chondrites analogues are shown in Fig. 2(b) and (c), respectively, where the pink lines show the model spectra of scattered Xrays.
Matrix effect
When X-rays are attenuated in objects, attenuation ratios are varied for each element i of objects in the ratios of mass fraction w i . Thus, we are required to correct this effect called matrix effect, where Eqs. (1) and (2) of attenuation coefficient µ i (E) are rewritten with the mass fraction w i as follows,
Analysis of Observed Spectra
Our previous report (Okada et al., 2006a) was based on a comparative analysis (Masuda, 2002) for TD#1 data, and directly compared the intensities of observed X-ray line spectra off the surface of Itokawa with those off the standard sample. We estimated the line X-ray intensities characteristic of Mg, Al, and Si, where a polynomial function is used for the continuum spectrum and a Gaussian function is assumed as the response for each line spectrum. The phase angle (the Sun-to-Itokawa-to-detector) was fixed at 0
• since the attitude of spacecraft was controlled to keep the phase angle within 0
• to 10 • during the descent. Although these simple assumptions are practical and often used for X-ray spectroscopy, there are potential problems.
(1) Using a polynomial function as spectral background is not always the most practical way for quantitative analysis, when we are able to construct precise background functions, such as scattered solar X-rays, space radiation, or instrumental background. One of the observed spectral backgrounds is scattered solar X-rays, which can be modeled along with the original solar X-rays by analyzing the observed X-ray spectra off the standard sample. Additionally, we assume two spectral backgrounds. One is a constant spectrum in the whole energy range due to space radiation of high-energy particles (see constant spectrum as black line of Fig. 4) . High-energy events disperse in many pixels of CCD, and these empirically make a constant spectrum as has been estimated by X-ray astronomical satellite, ASCA. In our observations, anticipated intensities of high-energy events are about an order of magnitude larger than those of ASCA night earth observation, ∼0.001 counts/sec/keV/cm 2 (HEASARC's web site), because space radiation is large in interplanetary conditions relative to the Earth's orbit. The other is an exponential spectrum due to outer events of the hot-pixels that happen to make fake events due to charge intrusion from electrode of CCD. The function of onboard software much reduced hot-pixels, but the outer value of hot-pixels still remains and makes exponential spectrum (see exponential spectrum as black line of Fig. 4) . (2) Temporal change of the observed phase angle causes apparent changes in the elemental composition ratio, which needs to be corrected using a precise surface geometry. In addition, X-ray incident and emission angles also affect the spectral shape, so that we calculated those angles at each part of the asteroid surface by using the shape model of Itokawa . (3) The actual response function of XRS-Hayabusa is not a Gaussian but a Gaussian-like function. Therefore, a precise response function needs to be constructed. Since the response function of XRS-Hayabusa has been measured in the pre-launch tests (Arai, 2003) , we use it in this study. This response function will be published on Hayabusa's web site as the response matrix for XRS-Hayabusa.
Sulfur abundance of the standard sample is almost equal to zero because it was vaporized in the manufacturing process (see Table 1 ), and thus we can not use the comparative analysis for sulfur. Therefore, we did not use the standard sample for comparative analysis but the solar X-ray monitor instead, and then we estimate the solar X-ray spectra.
The integration time was 1800 s for one spectrum in order to obtain statically significant counts of X-ray photons, which needs to acquire at least over 100 photons to achieve within 10% errors of counting statistics (Knoll, 2000) .
We used the least squares fit for comparing the observed and modeled spectra. The fitting algorithms were the simplex method (Press et al., 2002a) and Levenberg-Marquardt method (Press et al., 2002b) . The simplex method performs well for fit, but error cannot be estimated. Therefore, we used the simplex method for the initial fit and determined the standard error using the Levenberg-Marquardt method.
Estimation of Solar X-rays
In order to estimate solar X-rays, we performed a modelfit using the fitting function of fluorescent and scattered Xray of Eqs. (1) and (2), respectively, and then these functions are convolved with the response function. Since solar activity varied time to time, one MEKAL model could not fit to the observed spectrum in the all-energy range. Thus, we used the blend model of two MEKAL models as the soft-energy spectrum J 1 (E) and hard-energy spectrum J 2 (E); solar X-ray spectrum J is then rewritten as J = n 1 J 1 + n 2 J 2 , where n 1 and n 2 are proportionality constant used as a free parameter for fit.
Elemental composition of the standard sample was fixed in this calculation, as shown in Table 1 . The incident angle φ 1 and emission angle φ 2 of Eqs. (1) and (2) are shown in Table 2 (average angles for 1800-s observation are only indicated). Free parameters are n 1 , n 2 , solar coronal temperatures of the MEKAL models, and standard deviation of Gaussian-like response function. Also, free parameters of the constant and exponential backgrounds are the only proportional constants.
Since the standard sample is a glass plate which consists , varied with incident and emission X-rays angles. Fluorescent X-rays from mono-plane are calculated in same area as multi-faces fixed with incident and emission angles (0 • ). In particular, the ratio of Fe varies largely relative to that of other elements. Since most sulfur is composed in Troilite (FeS), the correction of geometry is important for the sulfur estimation.
of a homogeneous blend of elements, apparent changes of X-ray intensities due to surface roughness or mineral composition are negligible. The example of a best-fit X-ray model to the observed spectrum of standard sample is shown in Fig. 4(a) . We found peaks of Mg-Kα (1.25 keV) and Si-Kα (1.74 keV), but that of Al-Kα (1.49 keV) and S-Kα (2.31 keV) were not found due to a lower composition in standard sample. Also, an unexplained peak was found in the energy of 2.1 keV. This peak is near to the P-Kα (2.01 keV) line or Au-Mα (2.12 keV) line. The abundance of P on the standard sample is too low to be detected (see Table 1 ) in this solar condition or this integration time. Although Au is not present in the standard sample, it is used for a meshed support frame of beryllium X-ray window (the optical shield). Since we have not yet determined yet whether the origin of the peak is Au or instrumental noise, we neglected it in this study.
Estimation of elemental composition of Itokawa
The model of fluorescent and scattered X-rays from the surface of Itokawa is calculated with basically the same method as the estimation of solar X-rays. Since the solar coronal temperatures could derive the best-fit results of solar X-ray estimation, an undetermined parameter for this fit is the elemental composition of Itokawa.
The surface geometry on Itokawa varied in observed areas. The X-ray incident and emission angles at each area are required for analysis by using the precise asteroid shape. We calculated X-ray emissions with the shape model of Aizu 5.02 in sunlit areas, and then we corrected the X-ray incident angle φ 1 and emission angle φ 2 of Eqs. (1) and (2) for the normal vectors of polygon faces within the observed area. Also, we calculated the field of view, and then we rewrote of the Eqs. (1) and (2) for polygon faces as follows, , but peaks of Al-Kα and (1.49 keV) S-Kα (2.31 keV) are not found due to faintness. Also, an unexplained peak is found in the energy of about 2.1 keV. In this period, the best-fit model to the solar plasma temperatures for observed spectra are 13.5-15.7 MK in the hard energy. (b) The example of best-fit X-ray model spectra to the observed spectrum of Itokawa (facets #10). Same energy peaks are found as in (a). Although Al and S peaks of Itokawa are faint, these X-ray intensities are increasing and decreasing in each facet. Since the backgrounds raise the level of spectral signals, we determined not only best-fit mass fractions but also upper limits for Al and S.
between face i and XRS-Hayabusa. Table 2 shows average incident and emission angle (average angles for 1800 s are only indicated) for ten observed areas named facet numbers from #1 to #10. The model spectra of fluorescent and scattered X-rays were recalculated for every face and every fitting.
Variation of geometry apparently causes the intensity changes of X-rays. Figure 3 shows the X-ray intensity ratios calculated for fluorescent X-ray emission from multi-faces to mono-plane in the sunlit area for ten facets. In particular, apparent changes for abundance of Fe due to geometry variation are relatively large. Since most of the abundance of sulfur is proportional to that of Troilite (FeS) in asteroids, this geometry correction is important for sulfur estimation.
The size of the polygon face s i is the order of me- ters, which is much smaller than the observed area, and the roughness of smaller scale than polygon faces was neglected in this study.
Initial abundance for the fit of X-ray model of Itokawa assumed an average composition of ordinary-chondrites (Jarosewich, 2006; Yanai and Kojima, 1995) in Table 1 , including an average of 229 samples of H-chondrites, an average of 256 samples of L-chondrites, and an average of 83 samples of LL-chondrites with each standard deviation.
Free parameters for the fit were elemental mass fractions of w Mg , w Al , w Si , and w S . Mass fractions of another elements were fixed in those of average of ordinary chondrites (see Table 1 ) because observed peaks were faint, such as Ca, Fe, and ..., in this solar condition. All mass fractions for each element were normalized and recalculated during the fitting iteration as follows, w i = 100%. Also, the ratio of w O was complemented with oxide ratios, using atomic ratios of MgO, Al 2 O 3 , and SiO 2 .
The example of a best-fit X-ray model to the observed spectrum of Itokawa is shown in Fig. 4(b) . An unexplained peak, found in the spectra of standard sample, is also found in the spectra of Itokawa. Line peaks of Mg and Si are also found, but intensities of these spectra are relatively small, probably due to the condition of the surface, such as roughness. In general, a rough target surface decreases the intensities of emission X-rays. Since the standard sample is the glass plate, X-ray emissions from the standard sample are relatively large compared to those from the rough surface of Itokawa. Additionally, the instrumental background of the asteroid detector was large relative to the solar monitor. The exponential function as spectral backgrounds implies that the instrumental degradation due to space irradiation is progressing. Although spectral backgrounds of these observed spectra are large, these peak heights of Al to Si or S to Si were increasing or decreasing for each spectrum of ten observations, respectively. Therefore, we determined conservatively not only best-fit abundance but also upper limits abundance for Al and S in local ten areas.
Results
We estimated the solar X-ray spectra as the X-ray exciting source and determined the major elemental abundance on the surface of Itokawa for ten areas, and then we carefully corrected the fluctuation of solar X-rays, geometry variation of local areas, and sensor response function in ten spectra. Table 3 shows the best-fit results, including the solar coronal temperatures for the soft-and hard-energy range, the mass fractions for Mg and Si, and the upper limits and best-fit mass fractions for Al and S for ten areas.
In this observation period, solar temperatures fluctuated between 3.9 and 4.5 MK in the soft-energy range, and between 13.5 and 15.7 MK in the hard-energy range. The maximum temperature was equivalent to the flare levels of C2 (GOES's web site), estimated with Feldman et al.'s equation (6) (Feldman et al., 1996) . This flare level is high enough to estimate sulfur abundance within 10% counting statistical errors. However, space radiation or instrumental background raises the level of spectral signals, and then we were unable to determine the lower limits for Al and S. Thus, we estimated not only best-fit mass fractions but also upper limits for Al and S.
The best-fit elemental mass fractions of Itokawa for ten facets are shown in Table 3 . The mass fractions for Mg and Si are shown with standard errors propagated with modelfit errors, counting statistics errors, and model-fit errors of solar X-ray. The best-fit mass fractions for Al and S are shown with upper limits.
The abundances for Mg and Si are similar to the average of ordinary chondrites (see Table 1 ). Although upper limit abundances for Al and S are higher than the average abundance of ordinary chondrites, these are within the abundance variation of ordinary chondrites. Also, these abundances are consistent within the errors of the results of our previous report (Okada et al., 2006a) . Thus, the major elemental composition on the surface of Itokawa resembles that of ordinary chondrites. Figure 5 (a)-(c) shows elemental ratios for Mg/Si vs. Al/Si, Al/Si vs. S/Si, and S/Si vs. Mg/Si of our results together with those of major meteorites (Jarosewich, 2006; Yanai and Kojima, 1995) . These meteorites are candidates for S-class asteroids, such as an ordinary chondrites including H-, L-, and LL-chondrites, primitive achondrites including Acapulcoites, Winonaites, and Brachinites, stonyiron meteorites including Pallasites, Mesosiderites, Lodranites, and achondrites including Howardites, Eucrites, Diogenites, Aubrites, Ureilites, and Angrites. The results of Jarosewich, 2006; Yanai and Kojima, 1995) . Red squares show the upper and lower limits for the observed elemental mass ratios of Itokawa in all facets. Itokawa is best-classified ordinary chondrite or primitive achondrite according to overlapped meteorites analogues in (a), (b), and (c).
upper and lower limits for Mg/Si, Al/Si, and S/Si overlap those of meteorite analogues for ordinary chondrites and primitive achondrites. Thus, in terms of major elemental composition, Itokawa is best classified as ordinary chondrite or primitive achondrite in this result.
Here, we calculated a linear-correlation factor (e.g., Bevington and Robinson, 2003) for ten data sets of the ratios for Mg/Si vs. Al/Si, Al/Si vs. S/Si, and S/Si vs. Mg/Si. These results are 0.03, −0.92, and 0.09, respectively. In particular, the correlation factor for Al/Si vs. S/Si indicates that there is a negative correlation, despite large errors, and thus it implies that depletion of sulfur is correlated to the enrichment of aluminum, and vice versa.
The abundance of Mg and Si appears to be regionally homogeneous, but the best-fit mass fractions and upper limits of Al and S vary in local areas. The best-fit mass fractions of sulfur are shown in Fig. 6 , plotted on the shape model of Itokawa . The area with the lowest sulfur is found in facet #9 accompanied with rich aluminum. This area is close to a large cratered area with many high albedo sites called Arcoona, the top of elongated asteroid.
Discussion
Our results indicate that the elemental mass fractions for Mg, Al, Si, and S of Itokawa are similar to ordinary chondrite or primitive achondrite in major elemental composition. The regional variation of the abundance of Mg and Si are globally homogeneous. The best-fit mass fractions or upper limits of Al and S vary in local areas. The correlation of Al/Si and S/Si is a negative correlation factor of −0.92 for 10 areas. Here, we discuss the actual abundance of sulfur and its regional variation, especially such rich aluminum and lower sulfur in local areas.
In this study, we carefully corrected the fluctuation of solar X-rays, geometry variation of the surface, and sensor response function, and thus we believe that the accuracy of analysis has increased compared to our previous report (Okada et al., 2006a) . However, our results do not include some apparent effects to vary the mass fractions, such as a particle size effect and a mineral mixing effect. The particle size effect has been studied by Okada and Kuwada (1997) and Maruyama et al. (2007) . This effect will be most apparent when the size of particles on the surface is larger than or as large as the transmission depth of fluorescent X-rays (<100 µm), and then this effect causes a decrease in the intensity of fluorescent X-rays in low energy. This effect also depends on the observation phase angle and is not effective at low-phase angles like our observation; therefore, we neglected this effect. The mineral mixing effect has been studied by Nittler et al. (2001) and Akagawa (2003) and cannot be neglected. This effect depends on the volume size of the mineral, and it apparently varies the observed elemental abundance. Since our fluorescent X-ray model in Eq. (1) does not include mineral volume, we must correct this effect. However, since precise mineral volumes on the surface are uncertain, we use the typical one. The typical models of mineral mixing model to homogeneous model for each element, obtained by Nittler et al. (2001) and Akagawa (2003) are shown in Fig. 7 . This figure implies that our results of S/Si ratio, assuming as homogeneous model, may result in an overestimation by 30%, and thus the true abundance of sulfur on the surface of Itokawa may be smaller than that of our results. If so, sulfur may be globally depleted on the surface of Itokawa. Thus, the abundance of sulfur on the surface of Itokawa is almost equal to or even lower than Fig. 6 . The best-fit mass fractions of sulfur, plotted on the shape model of Itokawa . Numbers indicate observation areas called facets. Color map shows the mass fractions of sulfur abundance between 1.8 and 2.6 (wt.%). The abundances for duplicated observation areas are shown with the average abundance. Although the abundances of Mg and Si are globally homogeneous (see Table 3 ), the best-fit sulfur abundances vary in local areas. The lowest sulfur area #9 is close to large cratered area (see figure 3 of . (1) does not contain mineral volumes, we must correct the mineral mixing effects. However, the true volumes of minerals on the surface of Itokawa are uncertain. Therefore, we use the typical one as this figure. that of average abundance of ordinary chondrites, even if we take the upper limit of its abundance. Since the size of Itokawa is small (535×294×209 m 3 ), probably composed of rubble piles , partial melting is not effective after the formation of Itokawa. However, fractionation of minerals might have occurred on the parent body of Itokawa. Partial melting may induce the sulfur evaporation on the parent body of Itokawa. It may also induce enrichment in aluminum because aluminum appears in the first melt of chondritic material at sulfur evaporation temperature. Portions of partial melting features have been found on Itokawa in about a 2-µm absorption band of NIRS-Hayabusa and in the Earth-based observations . This result indicates that a portion of Itokawa is more olivine-rich than primitive ordinary chondrites. Thus, our results of the rich aluminum and lower sulfur features may support the idea that partial melting events occurred on the parent body of Itokawa.
The area with the lowest best-fit sulfur area is facet #9, close to the large cratered area. This area may have experienced a heating process due to impacts, and thus the sulfur was vaporized. Aluminum enrichment is also found in facet #9. One possible cause is a meteoritic impact of Alenriched material. Although a high-speed impact explodes and ejects the surface objects, a low-speed impact leaves its portion on the surface. Not only aluminum-rich but also chondritic materials, such as carbonaceous chondrites, are present. The black boulder on the surface of Itokawa at a longitude of 0
• (see figure 1 of Saito et al., 2006) may be a remnant of a low-speed impactor such as C-class asteroids. Thus, our results of the aluminum enrichment and sulfur depletion may support the idea that an aluminum-rich impact occurred on the surface of Itokawa.
The geometric albedo of Itokawa (∼30%; see Lederer et al., 2005) is brighter than that of 433 Eros (∼25%; see Li et al., 2004) , and also color variation on the surface of Itokawa was found with AMICA-Hayabusa . Michel and Yoshikawa (2005) have computed that the probability of Itokawa colliding with the Earth is high within 10 6 years, so that a planet encounter with Itokawa might occur. Sasaki et al. (2006) have suggested that the resurfacing process on Itokawa may be caused by seismic destruction due to impacts or tidal stress as a result of planet encounters, and thus the portion of exposed material on the surface may be little altered materials by space weathering. Killen (2003) and Kracher and Sears (2005) have suggested that it is easy to remove the sulfur on the asteroid surface by space weathering in the uppermost layer of 10-100 µm per 10 6 years, and thus the sulfur abundance on the surface may vary between little and highly altered areas. Since our result did not indicate a global depletion of sulfur, in spite of large errors, the abundance of sulfur may be fresh in local areas due to the resurfacing process compared to highly altered materials by space weathering. Thus, our results of sulfur variation may reflect the heterogeneity of the surface, altered by space weathering.
Conclusion
We determined the elemental abundance for Mg and Si, and best-fit and upper limit abundances for Al and S in the ten equatorial areas of Itokawa. In particular, we carefully corrected the fluctuation of solar X-rays, variation of surface geometry, and sensor response function in this analysis, and thus we believe that the results will have more accuracy than our previous report (Okada et al., 2006a) . In the results of this study, the abundances of Mg and Si are near the average abundance of ordinary chondrites and globally homogeneous in ten areas. Although upper limit abundances for Al and S exceed the average abundance of ordinary chondrites, these are within the variation of ordinary chondrites. The results of upper and lower limits for Mg/Si, Al/Si, and S/Si overlap that of meteorite analogues for those of ordinary chondrites or primitive achondrites. Thus, in terms of major elemental composition, Itokawa is best classified as an ordinary chondrite or primitive achondrite.
Our X-ray models do not include the mineral mixing effects, and thus the true abundance of sulfur may be lower than our estimation. If so, sulfur is globally depleted on the surface of Itokawa. Hence, we conclude that the abundance of sulfur on the surface of Itokawa is almost equal to or even lower than that of average abundance of ordinary chondrites.
Although the abundances for Mg and Si on the surface of Itokawa are globally homogeneous, best-fit and upper limits abundances of Al and S vary in local areas. There are negative correlations in Al/Si vs. S/Si (−0.92) for ten facets. In particular, a rich aluminum and lower sulfur area (in terms of best-fit abundance) is found in facet #9, called Arcoona, close to a cratered area. Therefore, the rich aluminum and lower sulfur features may support that events of partial melting on the parent body of Itokawa took place or aluminum-rich material impacted on the surface of Itokawa.
In some areas, the geometric albedo of Itokawa is brighter and varies in color. Little altered, fresh material may be exposed in these portions of the surface. The sulfur abundance on the surface appear to vary between areas highly and little altered by space weathering. Thus, the sulfur regional variation in our result may reflect the heterogeneity of the surface altered by space weathering.
